Abstract. Magnetic resonance spectroscopy (MRS) plays an important role in the understanding of membrane and energy metabolism. The outcome of MRS experiments helps to derive important cellular conditions (e.g., intracellular pH, energy, membrane metabolism, etc.), which are directly related to neuronal health. We present a novel multi-voxel 31 P MRS imaging experimental scheme along with an advanced 31 P signal processing technique to determine the pH and neurochemicals from both hippocampal areas in shorter time (13.2 min) for subjects (e.g. healthy young male/female, mild cognitive impairment (MCI) and Alzheimer's disease (AD)). Significant (p = 0.005) decrease of phosphomonoester (PME) and increase of phosphodiester (PDE) (p < 0.001), ␥-ATP (0.008), and PCr (p = 0.001) levels in the left hippocampus of AD patients (n = 6) compared to the control subjects (n = 12) were found based on post-hoc ANOVA. On the other hand, in the right hippocampus, decrease in PME (p = 0.008) and increase in PDE (p < 0.001) were significant between AD patients and controls. In case of AD subjects, pH in the left hippocampus is increased towards alkaline side compared to MCI but did not reach statistical significance level. The pH (left hippocampus) in AD is found to be negatively correlated (r = -0.829, p = 0.042) with PCr level (left hippocampus) in AD subjects. In the left hippocampus, the increase in pH to alkaline range (in normal aging, pH is decreased to acidic range) along with statistically significant increments of PCr, ␥-ATP, and PDE as well as decrease of PME in AD subjects provide extremely crucial clinical information, which can be used as a reliable biomarker for AD and potentially aid in the diagnosis.
INTRODUCTION
Intracellular pH is an important parameter in cell metabolism and indirectly provides information pertaining to "neuronal health". Magnetic resonance spectroscopy (MRS), a state-of-the-art non-invasive technique, is useful for measuring in vivo pH and simultaneous determination of other neurochemical using multi-voxel 31 P MRS imaging experiments from various brain regions [1] . Well resolved phosphomonoester (PME) and phosphodiester (PDE) peaks were obtained from the entire brain using 31 P threedimensional chemical shift imaging technique using proton decoupling [2] . 31 P MRS studies in patients with bipolar disorder have indicated; a) alteration of the PME peak in the frontal and temporal lobes; b) decrease of phosphocreatine (PCr) predominantly in the left frontal lobe; c) decrease of intracellular pH in the frontal lobes; and d) increase of the PDE peak in the frontal lobes [3] . The decrease in pH in bipolar disorder patients compared to normal controls is a significant finding as it is generally believed that pH is strictly regulated in the brain [3] . Subsequently, it was suggested that pH changes may provide potential information for understanding the pathophysiology of bipolar disorder [4] . In schizophrenia patients, although changes in PME and PDE were observed, pH remained unaltered [5, 6] .
In patients with head injury, 31 P MRS studies indicated brain pH increase in the focal lesions in the first day, which reached to alkaline range in the second week and it returns towards normal range within three weeks from acute injury [7] . For Parkinson's disease studies, no significant change was found in the mean pH during activation or recovery, although, in normal subjects, the mean pH increased significantly during activation [8] . In another clinical study, hippocampus pH measurements were performed on seven AD patients (n = 7) using single voxel (ISIS) technique ( 31 P experimental time for both left and right hippocampus was 32 minutes) and reported significant pH changes in the left hippocampus of AD subjects as compared to control subjects [9] . However in that same report [9] , the 31 P peaks were not well resolved and ␤-ATP was not detectable. The graphical presentation of pH changes in various brain disorders is shown in Fig. 1 . In clinical setting, multi-voxel 31 P studies with improved experimental scheme are helpful for monitoring accurate pH changes in various brain regions and may provide additional information on clinical status as well as disease progression, and efficacy of therapeutic intervention.
The pH of tissue is obtained indirectly from the chemical shift difference between PCr and inorganic orthophosphate (Pi). The 31 P chemical shift Fig. 1 . Various brain disorders and associated alterations of pH in different brain regions are indicated from existing literature. The pH is increased in epilepsy (region: temporal lobes), in panic disorder (region: frontal lobes), and in Alzheimer's disease (region: hippocampus area) and decreased in bipolar disorder (region: frontal lobes). There is no change in pH in Parkinson's disease patients (during visual-stimulation), white matter damage, schizophrenia, sleep deprivation, or hypoxic hypoxia cases. position of PCr is not susceptible to pH alteration [10] , while Pi chemical shift is influenced by the pH of the environment. However, at neutral pH, Pi exists principally as a conjugate pair: weakly-basic component, hydrogen phosphate ion (HPO 4 -2 ) and weakly-acid component, di-hydrogen phosphate ion (H 2 PO 4 -1 ).
The following equilibrium exists between the two components. [11] .
where ␦p i is the chemical shift difference between PCr and the averaged resonance peak of Pi.
To the best of our knowledge, no literature is available on multi-voxel 31 P MRS studies of the hippocampus in normal, MCI, and AD subjects to monitor the pH and neurochemicals. We present such multi-voxel 31 P MRS studies on normal, MCI, and AD patients to generate high quality 31 P data in much shorter experimental time (13.2 minutes for both hippocampal areas compared to 32 minutes as per the earlier report [9] ) and subsequent novel signal processing using MAT-LAB was developed to calculate the pH and analyzed neurochemicals from both hippocampal areas.
EXPERIMENTAL DESIGN

Subject recruitment
The study protocol for pH and neurochemical analysis was approved by the institutional review board at National Brain Research Centre and all patients were recruited from the Department of Neurology, All India Institute of Medical Sciences (AIIMS), New Delhi. MCI and AD patients were diagnosed as per guidelines and through clinical evaluation [12, 13] at the Department of Neurology, AIIMS, New Delhi. MRS data from total twenty three participants, [healthy young (n = 12), MCI (n = 5), AD (n = 6)] were presented in this study. Healthy male and female subjects were recruited at the National Brain Research Centre and neighboring area. Any absence of neurological disorder was the criteria for selecting control subjects. MCI subjects were aged 50 y and above and AD subjects were aged 55 y and above. For the patients under study, progressive cognitive decline was attributed only due to AD, and not due to any other co-morbid conditions (e.g., cerebrovascular disease, Parkinson's disease). Subjects with metallic device that are MRI incompatible and who have claustrophobia were excluded from the study. Participating patients were on medication with cholinesterase inhibitors and were not taking any psychoactive medication. The purpose of this study was explained to all controls subjects, patients and their family members and signed consent forms were obtained before performing the imaging study. Patient handling and precautions were taken as mentioned in our earlier work [14] . 31 
P MRS experimental details
All MRI and 31 P MRS data were collected using 3T Philips Achieva MRI scanner equipped with dual tuned ( 1 H/ 31 P) head coil. Special emphasis was given to have better shimming using 1 H channel. First, MRI images (axial, coronal and sagittal) were obtained and then region of interest was set on both the hippocampus areas for multi-voxel 31 P MRS studies.
For multi-voxel 31 P MRS studies, data were acquired using optimum excitation pulse flip angle of 35 • [15] . The time domain data were sampled at 1024 data points with a spectral bandwidth of 4000 Hz. For multivoxel 31 P experiment, we used following experimental parameters, no. of acquisition (NSA) = 16, repetition time (TR) = 1000 ms and echo time (TE) = 1.4 ms, slice thickness 30 mm. 31 P signals were obtained in 13.2 minutes from each subject from 576 voxels (matrix size of 24 × 24) within a FOV of 240 × 240 mm 2 . Overall experimental strategy and signal processing scheme were followed as per our earlier works [14] [15] [16] [17] .
RESULTS
The 31 P MRS data from the hippocampal areas of normal control ( Fig. 2A) , MCI (Fig. 2B) , and AD ( Fig. 2C ) subjects were acquired and all 31 P metabolite peaks were identified. In all the three cases (normal healthy, MCI, and AD), data were collected using same experimental conditions and using same number of acquisitions. From the representative 31 P spectra of Amplitude (a.u.)
Fig. 2. 31 P spectrum obtained from the left and the right hippocampus regions in three cases: control, MCI, and AD subjects. In all three cases, 31 P spectra were obtained using the same experimental conditions and are plotted using the same scale. It can be noted that the peaks (especially corresponding to Pi and PCr) are well resolved in all three cases. The high quality of spectrum ensures accurate and reliable measurement of the pH and neurochemical analysis the above mentioned cases, well resolved peaks for ATP (␣, ␤, and ␥), PCr, PDE (␣, ␤), Pi, and PME were obtained. In the case of AD patients, the 31 P peaks are relatively broadened compared to MCI and normal control subjects. For comparative analysis, the 31 P spectra from both hippocampal areas were plotted using the same scale.
In multi-voxel 31 P data from the hippocampus region, the component of PME, phosphoethanolamine (PE) and phosphocholine (PC) and components of PDE, consisting of glycerophosphocholine (GPC) and glycerophosphoethanolamine (GPE) metabolites were not separated. In our earlier work [15] , we have demonstrated that using an optimum pulse flip angle of 35 • , the components of PME and PDE were well separated, however, in multi-voxel cases, it was very difficult to separate them, although good quality data were obtained in much shorter time. The reported amount of PME and PDE were found from the respective peak areas of PME representing total amount of PE and PC, and PDE representing total amount of GPE and GPC.
Data analysis
The multi-voxel 31 P data (time domain) from Philips scanner was processed according to the new signal processing scheme as shown in Fig. 3 . The time domain data originating from a total of 576 voxels (24 × 24 matrixes) were used for analysis. The 31 P data was pre-processed using three dimensional interactive chemical shift imaging (3DiCSI) software package [18] . In 3DiCSI program, initially, the time domain data from each voxel were transformed to frequency domain using fast Fourier transformation, followed by apodization using Lorentzian and Gaussian filters and subsequently zero-order and first order phase correction were applied to obtain symmetric and properly phased 31 P resonance peaks. The data was saved and used for further analysis (e.g., pH, neurochemicals). Voxel wise pH was calculated using Henderson-Hasselbalch equation as shown in Equation 1 [11] . Figure 3B depicts the steps involved in selecting initial guess for the chemical shift values corresponding to the Pi and PCr resonance peaks. First, a well resolved spectrum from one of the multi-voxel spectra is selected as the reference. The chemical shift values corresponding to the Pi and PCr peaks in the reference spectrum were saved as the initial starting point to obtain Pi and PCr chemical shifts in all other voxels (shown in Fig. 3A ). In the second step, a search chemical shift region (initial chemical shift guess ± range) for PCr and Pi peaks is defined to find the chemical shift position of Pi and PCr in the remaining voxels. In this defined chemical shift range, the maximum amplitude with properly phased Pi and PCr resonance peaks were searched to get the correct resonance position of Pi and PCr resonance peaks in each voxel. Subsequently, from every voxel, the chemical shift position of two peaks (PCr and Pi) were recorded and the difference in chemical shift position between PCr and Pi was used for calculating the intracellular pH in that voxel using Equation 1 and pH value was stored for that particular voxel. In similar fashion, the intracellular pH for each voxel is continued until the pH calculation from the remaining voxels was performed.
Calculation of hippocampus pH
Like in many other disorders (e.g., bipolar disorder) [19] , the intracellular pH was calculated using Equation 1. For pH calculation of the hippocampus, MRI images obtained from the same subject were used as a guidance to locate the voxels in each hippocampus (left or right). The average intracellular pH of the left and right hippocampus was calculated from the contributing voxels accordingly. Figure 4 shows the variations of intracellular pH in the left and the right hippocampal areas in healthy male/female, MCI and AD subjects. The mean pH in AD patients is marginally increased in the left hippocampal areas as compared to normal control, but in the case of MCI, the mean intracellular pH is decreased in the left hippocampus as compared to control subjects. However, the mean pH of the left hippocampal areas of AD patients is increased as compared to MCI.
Analysis of the neurochemicals from the left and the right hippocampal areas
For the determination of metabolite concentration in the hippocampal areas, same voxels (as used in pH calculation) were used. The pre-processed 31 P data from 3DiCSI was used as the input for the quantification of 31 P peaks (PME, Pi, PDE, PCr, and three (␣, ␤, and ␥ ATPs). Analysis was performed using time-domain-frequency-domain method implemented in MATLAB [15] . The area of these fitted peaks was computed and analyzed. For each voxel, seven (PME, Pi, PDE, PCr, and three (␣, ␤, and ␥) ATPs) peak areas were calculated. In order to determine metabolite concentration of ATP and ADP, the 31 P resonance peaks, the peak area of ␣-ATP, ␤-ATP, and ␥-ATP were measured. The 31 P peak corresponding to Fig. 3 . A) Flow chart for calculating the pH from the 31 P MRS imaging data. Initially, MRS data from the scanner is preprocessed (apodized and phase corrected) using 3DiCSI software package. The preprocessed time domain data is then converted to frequency domain spectra. First, well resolved 31 P spectra from one voxel was selected as the reference. Right hippocampus Left hippocampus Fig. 4 . Calculated pH values in the left and the right hippocampus for control, MCI and AD subjects. Increase in pH has been found in the case of AD and MCI with respect to the young control subjects but statistical significant level was not reached. The pH is decreased toward the acidic region in normal healthy aging process, but in AD brain, the pH increases toward the alkaline range as compared to MCI subjects. Mean pH for each case is indicated as a bar.
␣-AMP, ␣-ADP, and ␣-ATP overlapped and ␤-ADP and ␤-ATP superimposed, so the following equations were used to calculate the peak areas of ATP, ADP, and AMP.
The PME levels in the left and the right hippocampal areas of normal control, MCI, and AD subjects are presented in Fig. 5 . Decrease of mean PME is observed in both hippocampal areas of AD and MCI as compared to control subjects. Similarly, ␥-ATP level is increased significantly in the left hippocampus in AD and MCI as compared to control subjects (Fig. 6) . The mean PDE content in both left and right hippocampus of AD and MCI subjects is increased as compared to control subjects (Fig. 7) . Mean PCr level is also increased for AD and MCI subjects as compared to control subjects (Fig. 8) .
Statistical analysis
Statistical analysis for pH and neurochemical analysis was performed using SPSS software. Student t-test, ANOVA analysis (with post-hoc test using Bonferroni correction), and correlation studies were performed on 31 Estimated PME values in the left and in the right hippocampus for control, MCI, and AD subjects. PME has been found to significantly decrease in both hippocampal areas of AD subjects as compared to young control subjects. PME is also found to decrease in the case of left and right hippocampus of MCI subjects but it is not statistically significant. Mean PME for each case is indicated as a bar. Fig. 6. Estimated ␥-ATP level in the left and in the right hippocampus for control, MCI, and AD subjects. Increase in ␥-ATP level was observed in AD and MCI as compared to control subjects but statistical significant was found only in the left hippocampus for AD subjects compared to normal control subjects. Mean ␥-ATP for each case is indicated as a bar. subjects, and 12 control subjects. The pH and peak areas corresponding to the seven metabolites (PME, PDE, Pi, PCr and ␣-ATP, ␤-ATP, ␥-ATP) originating from the left and the right hippocampus areas were considered for analysis. The post-hoc test with Bonferroni correction shows significant decrease of PME in both hippocampus (p = 0.005 for the left and p = 0.008 for the right) and significant increase in PDE in bilateral hippocampus (p < 0.001) in AD subjects. A significant increase in PCr (p = 0.033) and ␥-ATP levels (p = 0.008) was also found in left hippocampus of AD subjects as compared to control group. Although changes were observed in other metabolite (e.g., PCr . Estimated PDE in left and right hippocampus of control, MCI, and AD subjects. PDE has been found to significantly increase in AD subjects in the both hippocampal areas, but significance was not found for the change in PDE level in MCI subjects compared to normal subjects. Mean PDE for each case is indicated as a bar. in the right hippocampus), statistical significance was not reached. The pH of the left hippocampus in AD subjects is increased towards alkaline side as compared to MCI subjects but statistical significance was not reached. Similarly, marginal increase in pH was observed in the right hippocampus of AD subjects as compared to MCI subjects.
Right hippocampus Left hippocampus
Correlation study (Spearman Rank Correlation Coefficient) was then performed to analyze the association between various neurochemicals (e.g., PME and PDE, PCr and ␥-ATP, total ATP). In the left hippocampus of AD subjects, PCr was negatively correlated with both PME (r = -0.886, p = 0.019) and pH (r = -0.829, p = 0.042) which automatically leads to positive correlation between pH and PME (r = 0.829, p = 0.042). In AD subjects, ␥-ATP in the left hippocampus is negatively correlated (-0.886, p = 0.019) with ␥-ATP in the right hippocampus. In the left hippocampus of MCI subjects, PDE and PCr are positively correlated with ␥-ATP (r = 0.90, p = 0.037). Significant correlation between PCr and ␥-ATP was found in the right hippocampus of controls (r = 0.622, p = 0.031) and MCI (r = 1, p < 0.001) subjects.
DISCUSSION
Hippocampus plays an important role in normal cognitive functions (e.g., memory processing, etc.). Profound pathological changes are observed in AD and it is an area of active interest in different laboratories to investigate neurochemical, structural, and functional changes in left and right hippocampus. Research report involving atrophic changes of the hippocampus over a 5-year period and its relation to cognitive screening test performances in normal elderly subjects, very mild AD, and subjects with AD were performed [20] . These research findings suggested that normal subjects did not show cognitive decline, although there was a slight tendency in hippocampal atrophy. That study concluded that atrophic change of the left hippocampus might be a good marker of the very early stage of AD [20] .
Left hippocampal volume loss from structural MRI study in AD was also reflected in the performance on odor identification test and this support the potential clinical utility of odor identification tests in diagnostic batteries for AD [21] . Diffusion tensor imaging studies on MCI subjects and age-matched control subjects indicated an association of microstructural changes in hippocampal areas with verbal memory decline [22] . Left hippocampal volume was significantly lower (-11%, p = 0.02) in MCI subjects compared to the control subjects and no significant differences were reported for the right hippocampus (-4%). In the same study, mean diffusivity (MD) was significantly elevated in MCI subjects in the left (+10%, p = 0.002) and the right hippocampal areas (+13%, p = 0.02) as compared to normal controls [22] . From combined left hippocampal volume and MD measures, it was concluded that the lower left hippocampal volume was associated with poor verbal memory performance particularly when co-occurring with high MD values [22] .
The diagnostic efficacy of hippocampal volume and the Mini-Mental State Examination (MMSE) in differentiating amnestic MCI from healthy aging were conducted using healthy older subjects (n = 17) and subjects with amnestic MCI (n = 18) [23] . It was concluded that for the diagnosis of amnestic MCI, use of left hippocampal volume may be more informative than the use of right hippocampal volume [23] .
The combined predictive value of hippocampal volume and CSF levels of total tau (T-tau) and A␤ 42 in stable and converting MCI subjects were reported [24] . The converting MCI group had significantly smaller left hippocampus volume, lower CSF A␤ 42 and higher T-tau compared to both the stable MCI group and the healthy controls [24] .
Intracellular pH measurement
The intracellular pH was calculated from the chemical shift difference between the two 31 P peaks (corresponding to PCr and Pi) using Equation 1 as shown earlier. Similar approach was adopted by various research groups for different studies, where crucial Pi peak was reported to appear as a single peak [3, 5, 11, [25] [26] [27] [28] . In another report, a series of proton-decoupled 31 P MRS studies were performed [29] and they had reported two peak positions of Pi in infants (age: 9 ± 7 weeks) at approximately 4.8 ppm and 5.2 ppm, and justified it as probably due to representing an intracellular compartment and an extracellular or CSF compartment [29] . However, the same study [29] reported single 31 P peak for Pi in aged groups (age: 4.6 ± 0.7 years; 11.5 ± 2.6 years; 26.6 ± 4.5 years). It is important to note that the 31 P peak for Pi in other infant age groups (age: 86 ± 16 weeks and age: 36 ± 15 weeks) also appeared as a single broad peak and for older subjects (age 65.9 ± 10.8 years), the Pi peak appears as one major 31 P peak as well as one very closely spaced small peak in the shoulder of the major peak [29] .
Brain pH monitoring provides important information in normal as well as in diseased conditions. Previous studies on normal controls showed that brain pH did not change significantly at a particular time in the entire brain region [27] . In another two 31 P studies on normal controls, non-significant increase in pH during stimulation [30] and significant increase in pH during photic simulation in occipital lobes was reported [31] . Recently, in longitudinal 31 P studies with normal subjects (n = 34), it was found that significant age associated decrease in brain pH (-0.53% per decade), increase in PCr (1.1% per decade), and decrease in PME (1.7% per decade) were found from total brain tissue [26] . Significant pH increase in primary visual cortex area was reported during visual task in normal subject but no significant change was found in Parkinson's disease patients [8] . In bipolar disorder studies, significant decrease of pH in basal ganglia region [3] was reported. However, in another two studies related to bipolar disorder, a decrease in pH in frontal lobe was found [4] , while another study reported that pH change is positively correlated with lithium in the frontal lobe using 31 P MRS studies [32] .
Attempts have been made to generate multi-voxel 31 P experiments, but there has been extensive noise in the resultant 31 P spectra, and subsequently, PME, Pi, PDE, PCr, ␥ATP, ␣ATP, and ␤ATP peaks were not identified [33] . Hence, analysis using SAGE/IDL software did not produce any results [33] . The only report for AD studies indicating increase in pH in the left hippocampus area as compared to normal subjects was performed using single voxel ISIS pulse sequence with a total experimental time of 32 minutes for both left and right hippocampal areas. As indicated, the chemical shift difference between PCr and Pi peaks (Fig. 2) is the determinant to calculate the pH. However, in a previous study [9] , all 31 P peaks were not well resolved and baseline of these 31 P peaks were not flat. Additionally, ␤-ATP was not clearly detectable. pH calculations from previous 31 P data [9] for both left and right hippocampus areas had uncertainty due to poor signal-to-noise-ratio (SNR) of 31 P peaks. In our cases (normal control, MCI, and AD subjects), 31 P spectra from hippocampus areas are well resolved ( Fig. 2) with excellent flat baseline to ensure correct determination of PCr and Pi 31 P peak positions from each voxel.
MATLAB based 31 P signal processing scheme is unique as it can be used for data analysis from all the voxels in the entire brain using iterative process and pH mapping can be done from any region in the 2D slice.
Hypothesis for the increase of pH in the hippocampal region in AD subjects
Using 31 P MRS studies in the left frontal cortex area, various neurochemical alterations were reported for AD subjects, and reported statistically significant increment of PME [34] . However in that study [34] , no information on brain pH was available. Table 1 provides a comparative report of pH and other neurochemical alterations in AD and MCI subjects. It is important to note that in the healthy aging process, the PME and PCr level alteration is statistically signifi- Table 1 Brain pH together with neurochemical changes in normal aging, MCI, and AD subjects. NA refers to non-availability of data. The increase and decrease of pH or neurochemicals is indicated by up and down arrow symbol respectively. The * and ∼ signs indicate statistically significant results and no change, respectively. 
cant [26] . Similar observations were also observed in the left hippocampus of AD patients. So the significant alternation of PME or PCr levels in the hippocampus area is common in healthy aging and AD patients. Importantly, it was reported that overall brain pH decreases toward the acidic region in healthy aging process, but in AD subjects, left hippocampal pH is increased toward the alkaline range as compared to MCI. So the molecular mechanism for the pH increment in the left hippocampal area may have clinical implications in AD. Two plausible explanations can be considered.
Lipid peroxidation from oxidative stress
Oxidative stress has a profound role in the pathogenesis of brain disorders where ATP utilization is always high. Brain type Creatine Kinase (BB-CK) facilitates the transfer of high energy phosphoryl group from PCr to Mg-ADP to regenerate ATP, which is the principal source of chemical energy in the brain. The reactive aldehyde 4-hydroxy-2-nonenal (4-HNE) is generated due to lipid peroxidation arising from oxidative stress and 4-HNE is subsequently increased in AD brain [35] . It was also reported that the levels of 4-HNE increase with statistical significance in the amygdala, the hippocampus, and the para-hippocampal gyrus, in AD [36] . Such increased oxidative stress was recently verified by measuring the major antioxidant glutathione from the hippocampal areas, where glutathione was found to be depleted in hippocampal areas of MCI and AD subjects (unpublished data). Importantly, 4-HNE acts as an inhibitor [37] for the BB-CK enzyme for the following forward reaction (ATP + Cr BB−CK → ADP + PCr + H + ) and subsequently the production of H + is reduced.
Reduced activity of BB-CK due to post translational modification of BB-CK
Oxidative post translational modification plays a major role in the modification (due to structural changes) of BB-CK activity in AD brain [38] . In the case of AD patients, the level of BB-CK activity is reduced by 70% as compared to control subjects [39] . Experimental evidence suggests that in AD brain, the activity of BB-CK is reduced due to oxidative stress or post translational modifications arising from structural modification.
Hence, considering the above two mentioned plausible reasons, forward pathway (ATP + Cr BB−CK → ADP + PCr + H + ) is affected or hindered in AD brain, and subsequently production of H + is reduced. This may provide a possible explanation for the increase in pH in the left hippocampal regions.
CONCLUSIONS
To the best our knowledge, it is first clinical report measuring neurochemical changes and calculations of hippocampus pH on normal control, MCI and AD subjects are made using multi-voxel 31 P MRS spectroscopy. Monitoring pH in the hippocampal areas is an important observation in AD. Changes in ␥-ATP, PCr, PDE, and PME are statistically significant, but the changes in these neurochemicals show similar trends both in healthy aging and in AD. Hence, these neurochemical changes may not provide clear specificity between AD and MCI. On the contrary, in normal healthy aging process, it was reported that pH decreases (towards the acidic range) in the entire brain. However, in AD cases, we have found that pH in the left hippocampus is increasing toward the alkaline range. Therefore, the pH change in the left hippocampus is more specific to AD compared to normal aging. We conclude that multi-voxel 31 P MRS experiments on the left hippocampal areas could provide clinically relevant information, with clinical significance in AD, due to increase of pH to alkaline range (normal aging, pH is decreased to the acidic range) along with statistically significant increases in PCr, ␥-ATP, and PDE and decreases in PME in the left hippocampus, which can be used as a biomarker for AD. Longitudinal 31 P MRS studies with larger sample sizes of MCI and AD subjects are planned in our laboratory.
